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Abstract
We discuss a possible scale of gravitational origin at around 10 MeV, or 10−12 cm, which arises in the MacDowell-
Mansouri formalism of gravity due to the topological Gauss-Bonnet term in the action, as pointed out by Bjorken
several years ago. A length scale of the same size emerges also in the Kodama solution in gravity, which is known to
be closely related to the MacDowell-Mansouri formulation. We particularly draw attention to the intriguing incident
that existence of six compact extra dimensions originated from TeV-scale quantum gravity as well points to a length
scale of 10−12 cm, as the compactification scale. The presence of six such extra dimensions is also in remarkable
consistency with the MacDowell-Mansouri formalism; it provides a possible explanation for the factor of ∼ 10120
multiplying the Gauss-Bonnet term in the action. We also comment on the relevant implications of such a scale
regarding the thermal history of the universe motivated by the fact that it is considerably close to 1− 2 MeV below
which the weak interactions freeze out, leading to Big Bang Nucleosynthesis.
Keywords: MacDowell-Mansouri formalism, Bjorken-Zeldovich scale, Gauss-Bonnet term, Einstein-Cartan
formalism, Big Bang Nucleosynthesis, cosmological constant, Kodama wavefunctions
1. Introduction
Bjorken points out in Ref. [1] that the MacDowell-
Mansouri (MM) formulation of gravity [2] naturally re-
veals an induced scale of ∼ 10 MeV, or ∼ 10−12 cm,
which he names after Zeldovich, inspired by Zeldovich’s
seminal papers [3, 4]. The MM formulation unifies the
tetrad and spin connection of the first order Einstein-
Cartan formalism, which take values in SO(3, 1), into a
grand connection that lives in SO(4, 1) (or SO(3, 2) for
a negative cosmological constant). The resulting action,
through breaking the SO(4, 1) symmetry down to the
SO(3, 1), yields the usual Einstein-Hilbert term, a cos-
mological constant, and the Gauss-Bonnet (GB) term,
which is topological in four dimensions [5–7].
Intriguingly, a length scale of 10−12 cm, as noted in
Ref. [8], is also encountered in the context of so-called
the Kodama wavefunction in gravity [9–13], analogous to
the Chern-Simons solution in Yang-Mills theory in four
dimensions, which is also an important element in Loop
Quantum Gravity [14, 15]. Actually, there is known to
be a connection between the inner product of Kodama
states and the MM formalism; Ref. [13] points out that
the topological terms arisen in the (extended) MM ac-
tion and the inner product are the same.
Bjorken, additionally, suggests six extra spatial di-
mensions, assumed to be compactified on this induced
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scale of 10−12 cm, simply to account for the large factor
multiplying the MM action [1]; ∼ 10120, which, quite re-
markably, also happens to be the infamous number often
encountered in the cosmological constant problem [16–
19].
In this paper, we emphasize that the TeV-scale quan-
tum gravity picture with large extra dimensions (LED)
[20–26] (known as the ADD model) naturally reveals a
scale of ∼ 10−12 cm as the compactification scale, pro-
vided that the number of extra spatial dimensions is set
to six, with no need for an ad-hoc assumption of the cor-
responding length scale. In order to be consistent with
the known physics up to the TeV-scale, we adopt the
well-known approach that only the graviton is allowed
to propagate throughout the bulk experiencing the extra
dimensions, while the Standard Model (SM) fields are lo-
calized to the usual 4 dimensions. This, in this scenario,
would introduce a deviation in the gravitational interac-
tions on scales smaller than 10−12 cm; the gravitational
interaction has so far been tested down to the scale of
0.01 cm [27].
Moreover, we notice a combination of the “Bjorken-
Zeldovich (BZ) scale” and the TeV scale, M3BZ/M
2
EW ∼
10−3 eV, which is in the order of the observed vacuum
energy density in the present universe and in the ball-
park of the anticipated neutrino masses [28, 29]. Al-
though it is most likely a coincidence, we present several
toy models which illustrate its possible role as some sort
of a see-saw-type suppression in obtaining the neutrino
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mass and the cosmological constant.
We also comment on possible other implications in cos-
mology. This scale is considerably close to 1− 2 MeV be-
low which the weak interactions freeze out, leading to Big
Bang Nucleosynthesis (BBN). Premised on our current un-
derstanding of BBN, it is in general supposed that any
deviation from the known radiation density around the
decoupling temperature would change the time scale asso-
ciated with BBN, and it is thus tightly constrained from
the observations on the primordial abundances of light el-
ements [30–32].1
2. The MacDowell-Mansouri formalism and the
Bjorken - Zeldovich scale
Bjorken, in Ref. [1], discusses how a scale of ∼ 10 MeV
is induced in the MacDowell-Mansouri formalism through
the Gauss-Bonnet (GB) topological term arisen naturally
in the formalism in addition to the usual Einstein-Hilbert
action and a cosmological constant term.
The SO(3, 1) MM action, obtained through breaking
the SO(4, 1) symmetry, is given as [1, 2, 5–7]
SMM = M
2
Pl
64piH20
∫
d4x
√−g 1
4
F abµνF
cd
λσ abcd 
µνλσ , (1)
where the  symbols denote Levi-Civita tensors, F abµν =
Rabµν −H20
(
eaµe
b
ν − eaνebµ
)
, Rabµν = R
ρσ
µνe
a
ρe
b
σ is the Riemann
tensor, eaµ is the tetrad (vielbein), and a, µ = 0, 1, 2, 3 are
the indices of the internal SO(3, 1) space and the four di-
mensional space-time, respectively. H0 is the Hubble con-
stant.
Note that F abµν is the SO(3, 1) projection of the cur-
vature FABµν , constructed from the generalized connection
AABµ (A = 0, 1, 2, 3, 4) that lives in a local SO(4, 1). A
AB
µ
takes the following form. A4aµ ≡ H0eaµ and Aabµ ≡ wabµ ,
where w is the spin connection which lives in the SO(3, 1)
group.
The action in Eq. (1) yields
SMM = M
2
Pl
8pi
∫
d4x
√−g (2)(
1
32H20
RαβµνR
γδ
λσαβγδ 
µνλσ +
1
2
R− Λ
)
,
where the cosmological constant Λ = 3H20 as it ought to
be, and the first two terms are the GB and the Einstein-
Hilbert terms, respectively. The GB term can be written
1Recently, Atomki group in Hungary has reported an anomaly in
the 8Be nuclear decay by internal e+e− formation at an invariant
mass mee ∼= 17 MeV, with a statistical significance of 6.8σ [33]. See
also Refs. [34–42] for the previous studies relevant to this observa-
tion. The observation has ignited interest in the high energy physics
community to suggest explanations some of which consider a hidden
sector at around this energy scale whose effects have so far remained
unnoticed [43–61].
in the more familiar form as
1
4
RαβµνR
γδ
λσαβγδ 
µνλσ = −
(
RαβµνR
µν
αβ − 4RαβRαβ +R2
)
.
(3)
Notice the factor ∼ 10120 in front of the GB term in
Eq. (2), also multiplying the total MM action in Eq. (1),
which happens to be the infamous number in the cosmo-
logical constant problem (
M4Pl
64pi2ρΛ
∼ 10120). The possible
role of this factor of the MM action in the resolution of the
cosmological constant problem has not been demonstrated
yet, to the best of our knowledge.
In the Friedmann-Robertson-Walker (FRW) background,
where
ds2 = −dt2 + a2(t)dxidxi , (4)
the GB term in Eq. (2) becomes
SGB = −M
2
PlV (0)
8piH20
∫ t
0
dt
d
dt
a˙3 , (5)
where V (0) is given through time dependent volume of re-
gion of interest dominated by dark energy, V (t) = V (0)a3 =
V (0)e3H0t. Since in the semiclassical approximation the
action is just the phase of the wavefunction, and for a
topological term like the GB term the phase takes values
in units of 2pi, we can write the total amount of the action
contributed by the GB term at time t , from Eq. (5), as
|SGB | = M
2
PlV (0)a˙
3
8piH20
∣∣∣∣∣
t
0
≡ 2pi(N(t)−N(0)) . (6)
Then, some sort of number density can be defined as
n ≡ N(t)
V (t)
=
M2Pl
16pi2H20
(
a˙
a
)3
=
H0M
2
Pl
16pi2
≡ Λ3BZ , (7)
which is time independent for the cosmological constant
dominated space. Bjorken uses the term “darkness” for
the quantity N(t); we prefer to use the “Gauss-Bonnet
number”.
Once we put in the numerical factors, the Bjorken-
Zeldovich scale yields
ΛBZ ∼ 10 MeV or lBZ = 1
ΛBZ
∼ 2× 10−12 cm . (8)
ΛBZ appears to be the scale up to which the MM for-
malism is valid. Next, we will see how a length scale of
the same size comes about as the compactification scale
of six extra dimensions originated from TeV-scale gauge-
gravity unification. Considering this as the picture above
ΛBZ , N(t) can be interpreted as an effective quantity, re-
vealed below ΛBZ upon integrated-over extra dimensions.
This scenario, as we will see, accurately explains the factor
10120 in the MM action, as well.
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3. Bjorken-Zeldovich scale from large extra dimen-
sions
In this section, we draw attention to an interesting in-
cident regarding the onset of the scale of 10−12 cm from
six compact extra (spatial) dimensions originated from
TeV-scale gauge-gravity unification. If one imposes gauge-
gravity unification at the TeV scale, the weakness of grav-
itational interactions can be explained via the existence of
compact extra dimensions, large compared to the (inverse)
TeV-scale [20–26].
For two test objects placed within a distance r  R,
the gravitational potential is given as
V (r) ∼ m1m2
Mn+2U R
n
1
r
, (r  R) (9)
where MU is the unification scale of gauge and gravita-
tional interactions, and R is the compactification scale of
the extra dimensions. Imposing the requirement to get
the right (reduced) Planck mass through the identification
Mn+2U R
n = M
2
Pl, and assuming MU ∼ 1 TeV, we obtain
R =
l
1+2/n
U
l
2/n
Pl
∼ 2.0× (2.4)2/n × 1030/n−17 cm , (10)
where lU and lP are corresponding length scales for the
TeV-scale and (reduced) Planck masses, respectively. As
can be seen in Eq. (10), for n=6, we have
R ∼ 2.7× 10−12 cm ∼ lBZ , (11)
a remarkable agreement with the Bjorken-Zeldovich length
scale, given in Eq. (8), revealed in the MacDowell-Mansouri
formalism, discussed previously.
Existence of six extra spatial dimensions compactified
on a scale of 10−12 cm in the MM framework, as also noted
in Ref. [1], could also explain the factor
M2Pl
64piH20
= 10120,
multiplying both the MM action given in Eq. (1) and
the GB term in the action given in Eq. (2). Extend-
ing the internal symmetry of the general MM action from
SO(4, 1) to SO(10, 1), and breaking the symmetry down to
SO(9, 1), in analogy with Eq. (1), the action symbolically
becomes
SMM →
∫
d4x
∫ √
−g˜ dy1...dy6 (F )5(i µ) · (i) · (µ) ,
(12)
where we suppress the complete version of the tensors, and
the indices run over ten values instead of original four. We
expect 〈F 〉 to take a value around the order of the (square
of the) energy scale that sets the strength for the effec-
tive 4 dimensional gravity, i.e. the (reduced) Planck mass
square, 〈F 〉 ∼M2Pl (or 〈F 〉 ∼M
2
Pl ∼M8UR6 in the context
of large extra dimensions picture discussed above). On
the other hand, each integrated-over extra dimension con-
tributes a factor in the order of the corresponding length
scale, i.e.
∫
dy ∼ lBZ . Therefore,
SMM → (M2Pll2BZ)3︸ ︷︷ ︸
∫
d4x
√−g (F )2(a µ) · (a) · (µ) ,
∼ 10120 (13)
which accurately accounts for the factor 10120 in the MM
action given in Eq. (1).
In the case of the MM formalism with extra dimen-
sions with a compactification size of lBZ ∼ 10−12 cm,
N(t) is an effective quantity arisen only when the extra
dimensions are integrated over. Therefore, at distances
smaller than lBZ , or at energies above ΛBZ , the expression
for n(t), given Eq. (7), which yields the BZ scale, is not
well-defined. In other words, in this picture the MM de-
scription in 4 dimensions is valid up to ΛBZ , and beyond
that we have the 10 dimensional picture. Since the GB
term is topological in 4D, there is no deviation from the
usual Einstein-Hilbert gravity below ΛBZ . On the other
hand, above ΛBZ , the only modification is in the effective
gravitational interaction (at distances smaller than 10−12
cm), since in this scenario only graviton and possibly other
gravitational degrees of freedoms experience the extra di-
mensions but not the known (SM) fields.
There are two main ways that the extra dimensions,
in the context of the ADD model, would appear at the
Large Hadron Collider (LHC). The first one is through the
direct production of the graviton Kaluza-Klein (KK)-tower
states, where the signal would appear as missing energy.
The other signature would manifest itself via the exchange
of virtual KK gravitons between the SM particles, which
would give rise to enhancement in certain cross sections
above the SM values [62, 63]. Currently at the LHC, the
lower limit for the gauge-gravity scale in the ADD model
with six extra dimensions is set as MU > 2.6 TeV with
95% CL by the CMS experiment [64–66], which translates
into an upper bound on the corresponding length scale
as R < 0.8 × 10−12 cm. This is still in the vicinity of
the Bjorken-Zeldovich scale within an order of magnitude.
Then, one wonders how robust the numerical agreement,
given in Eq. (11), is against the value of MU . As can be
seen in Eq. (10), the outcome has some sensitivity against
the value of MU . Nevertheless, with a value of MU up to
around 10 TeV, we still get required length scale up to an
order of magnitude, which is generally acceptable when a
scale is under discussion, as displayed in Figure 1. If, for
instance, we take MU = 5 TeV, the corresponding length
scale becomes R = 0.3 × 10−12cm; or, for MU = 10 TeV,
we have R = 0.1× 10−12cm ∼= dproton.
4. A “see-saw” relation for the small cosmological
constant
In the effort to understand the smallness of the cos-
mological constant, several numerical relations among the
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Figure 1: Compactification radius R vs. quantum gravity scale MU
in the case of six large extra dimensions. The black and orange plots
denote the cases in which MU takes values below and above 1 TeV,
respectively.
energy scales have been noticed (or proposed) in the litera-
ture that mimic a see-saw-type suppression mechanism [67–
82].
In the case of the existence of an energy scale of ∼ 10
MeV, the relevant combination we notice is
ρ
1/4
Λ
?
= M3BZ/M
2
EW ∼ 10−3 eV , (14)
where MEW ∼ 1 TeV. It is not straightforward to devise a
realistic model yielding such a relation, since this requires a
contribution in the amount of M12BZ/M
8
EW in Lagrangian.
Nevertheless, this type of terms in the context of vacuum
energy density contributions may be obtained in models
where the cosmological constant problem is addressed by
entertaining the possibility that the universe may be stuck
in a false vacuum, split from the vanishing global vacuum
in the amount of the cosmological constant [75, 83].
For instance, consider N real scalar fields φi which
transform under the discrete group GD = SN ⊗ Z. SN
is the permutation group, while Z applies the operation
(φi → −φi, φj → −φj , φn → φn) where i 6= j, n 6= i, j,
and i = 1, ..., N . The renormalizable potential consistent
with these symmetries,
V0(φi) = −m2φiφi + λ1
(
φ2i
)2
+ λ2
(
φ2i − φ2j
)2
i>j
,
(15)
in which m2, λ1, λ2 > 0, automatically exhibits an obvi-
ous “accidental” symmetry under (φi → −φi, φn → φn),
where i 6= n [83]. The latter symmetry, as we will see
below, can be broken by higher order operators while the
GD symmetry is kept intact. The system has two sets of
global vacua associated with the vacuum expectations val-
ues 〈φi〉 = ±m/
√
2Nλ1 ≡ ±vφ. Note that in this kind
of scenarios it is generally just assumed that the system’s
global minimum is enforced to be vanishing by a yet-to-
known mechanism, i.e. V0(±vφi) = 0. In this toy exam-
ple, each of the two sets of global minima consists of 2N−1
vacua, which are degenerate among themselves due to the
exact GD symmetry, while these two sets are degenerate
to each other thanks to the accidental symmetry. The lat-
ter degeneracy between these two sets can be lifted by an
operator added as a perturbation to the original poten-
tial. The potential with the first higher order operator
that is consistent with the exact GD symmetry yet breaks
the accidental symmetry is
Veff (φi) = V0(φi) + λ
MN−4EW
φ1φ2..φN + · · · . (16)
where (· · · ) denotes the rest of the terms up to the required
order. Note that we maintain the idea from the previous
section that MEW is the most fundamental scale of Na-
ture. The example here could be trivially incorporated in
the extra dimensional picture as long as the scalars here
are assumed to be localized to the usual 4 dimensions. For
a system with N = 12 and 〈φi〉 ∼ MBZ , we obtain the
desired result that the false vacuum is split from the van-
ishing true vacuum in the amount of M12BZ/M
8
EW . Note
that the other, symmetric, terms in the effective potential
introduce small oscillations around the either minimum
and they are unlikely to be large enough to leap the sys-
tem over the barrier separating the false and true vacua.
Therefore, assuming the universe is in the false vacuum
with E = ρ
1/4
Λ , then the only way for a transition to the
vanishing true vacuum is barrier penetration by quantum
tunnelling.
At this point then, the next issue to address is the
stability of the system in the false vacuum [84–86]. In
order for a bubble of the true vacuum within the the
false vacuum to be energetically favourable to expand after
nucleation, instead of shrinking away, it is required that
dEbubble/dR < 0. The energy of the bubble is given as
Ebubble = −4
3
piR3ρΛ + 4piR
2σ , (17)
where σ ∼ v3φ ∼ M3BZ is the surface tension. The critical
radius can be found via dEbubble/dR = 0 as
Rcritical ∼ 1028 cm ∼ H0 , (18)
which means that for a bubble in a cosmological constant
dominated false vacuum to nucleate and grow, it must be
formed with the size of the observable universe, or larger.
Therefore, the decay of the vacuum, and hence the stabil-
ity, in such a scenario is not an issue for concern, which is
generally the case in similar scenarios [83].
5. Small neutrino mass via a see-saw type mecha-
nism at the BZ scale
When a new scale is under discussion, one of the ques-
tions that comes to mind is the possibility of a (some sort
4
of) see-saw mechanism which utilizes a relevant combina-
tion of the scales in the theory to explain the smallness of
the neutrino mass. The relation M3BZ/M
2
EW ∼ 10−3 eV
is intriguing from this point of view as well, since it is in
the vicinity of (at least one of the) the neutrino masses.
Next, we will work on a hypothetical scenario just as an
illustration of obtaining this combination in a model.
Consider a hidden sector with a QCD-like gauge in-
teraction, where the symmetry group is Gh ≡ SU(N).
Besides the corresponding gauge bosons, consider a real
scalar field φ and a Dirac fermion F (for each family), both
of which transform in some representation of Gh, where
the fermion does so vectorially (non-chirally). We assume
that F has a confining scale of order 10 MeV and the
SM fields are not charged under Gh. The SM connects
to the hidden sector through a portal coupling between
the Higgs and the scalar φ. We also assume a discrete Z˜2
symmetry that transforms F , φ, and the neutrinos in the
following way. FL(R) → ±FL(R), νL(R) → ±νL(R), and
φ → −φ. Therefore, there are no mass or Yukawa-type
terms (via the Standard Model Higgs) allowed at the tree
level. The Yukawa-type terms involving the scalar φ do
not contribute as mass terms at tree-level either, since we
assume that 〈φ〉 = 0 so that the SU(N) symmetry remains
unbroken. However, a mass term can be induced through
the effective operator
Leff ⊃ cν
Λ2
ννFF , (19)
which is induced by integrating out the scalar field. We as-
sume that a condensate forms, due to the possible nonper-
turbative characteristic of the SU(N) vacuum, at ∼MBZ ,
breaking the Z˜2 symmetry; 〈FF 〉 ∼ f3 ∼ (a · MBZ)3,
Λ ∼ mφ ∼ ΛEW ∼ 1 TeV. The scalar φ gets its mass via
the portal coupling to the SM Higgs, i.e. λφ2H†H, which
justifies its electroweak-scale mass. The extra fermion F
acquires its mass via coupling to the condensate through
the corresponding dimension-6 operator that yields a mass
value on the order of the neutrino mass. The effective neu-
trino mass2 in this scenario becomes
mν = (cνa
3) M3BZ/M
2
EW . 10−2 eV , (22)
2We also note that in the context of large extra dimensions as
well, the small neutrino mass can be obtained with a see-saw-like
mechanism provided that the SM singlet right handed neutrino vR,
unlike the SM fields including the left handed neutrino vL, is not
confined in the 3-brane but instead lives in the bulk experiencing
the extra dimensions [87, 88]. The suppression of the Dirac mass
mD, in this picture, is given as in
mν ∼
(
N
2pi
)n/2 mD
(MUR)
n/2
, (20)
for a general ZN orbifold on which n extra dimensions are compact-
ified. For instance, for n = 6 on a Z2 orbifold, with the quantum
gravity scale of MU ∼ 1 TeV and hence R = lBZ ∼ 10−12 cm, the
physical neutrino mass is obtained as
mν ∼ mD × 10−16 . (21)
For mD ∼ 1 TeV, for example, mν ∼ 10−4 eV.
provided that cνa
3 . 10.3
6. More on the relevance in cosmology
A scale around 10 MeV might be relevant also in terms
of the thermal history of the universe. It is an energy scale
considerably close to T ∼ 1−2 MeV below which the weak
interactions freeze out; the reaction rate Γ ∼ G2FT 5 drops
below the expansion rate H ∼ √g∗T 2/MPl, where g∗ is
given as g∗ = gb + (7/8)gf and gb (gf ) denotes the to-
tal number of the effective bosonic (fermionic) degrees of
freedom at around the background temperature T . Conse-
quently, primordial neutrinos and possibly cold dark mat-
ter -if it exists- decouple from the rest of the matter, and
the ratio of neutrons to protons freezes out. Any increase
from the known radiation density would bring forward the
Big Bang Nucleosynthesis (BBN) and hence would cause
a larger Helium abundance in the present universe [30–
32]. Therefore, if there is some unrevealed physics asso-
ciated with such a scale of 10 MeV, there may have di-
rect implications on our understanding of BBN, which is
consistent with the current observations on the primordial
abundances of light elements.
Since the effective MM action in 4D reveals the Ein-
stein gravity with a cosmological constant and the Gauss-
Bonnet term that does not have any effects in the equa-
tions of motion in 4D, the formalism at first sight only
defines the graviton. This seemingly does not cause any
problem in terms BBN since the gravitational interaction
rate, as well known, is significantly suppressed compared
to the expansion rate, i.e. Γ ∼ G2PT 5  H, at T ∼ 1
MeV. However, this is the case only if there is no any other
relevant degrees of freedom obtained from the original ac-
tion based on SO(4, 1), in addition to the terms given in
Eq. (2). Recall that the generalized connection AABµ liv-
ing in SO(4, 1) has 40 components. As also mentioned in
Ref. [1], one may wonder whether some of these degrees
of freedom can be identified with the (bosonic) degrees of
freedom of the SM4. Then, several leftover terms may pos-
sibly define additional light degrees of freedom. One may
expect at first that the relevant interactions are supposed
to be suppressed, similar to the case with gravitons. How-
ever, one should not forget the enormous factor of 10120
multiplying the action in 4D, possibly arisen due to the
integrated over extra dimensions. If such identifications
related to the SM are possible, then it is probably because
of this large factor, and the same factor may amplify some
interactions regarding these new light degrees of freedom,
3The idea that condensates may give masses to particles should
be treated with caution in case of existence of confinement. For
instance, it is argued in Refs. [89–92] that the QCD condensates have
spatial support within hadrons and do not extend throughout the
whole space. Note also that this is why it may not be appropriate to
count the QCD vacuum condensates as contributions to the effective
cosmological constant, as pointed out also in Refs. [93, 94].
4See, for instance, Refs. [95–107] for various geometric approaches
to the Standard Model and beyond.
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making them interact frequently enough to be in equilib-
rium at T ∼ 1 MeV. Then, the model would be in tension
with the constraints coming from BBN.
A comment is in order on the GB number density in
the MM framework, n(t), earlier (than 1/ΛBZ) in the ther-
mal history when the universe is dominated by radiation.
Bjorken, in Ref. [1], interprets the energy where the GB
number density is Planckian, i.e. n(t) ∼ M3Pl, as the cut-
off for the MM description above which some modifica-
tion is necessary. By using the time dependent expression,
given in Eq. (7), and the equations
H2 = 8piρ/(3M2Pl) and ρR(t) = pi
2g∗T 4/30 , (23)
which follow from the first FRW equation and the Stefan-
Boltzmann law for species in thermal equilibrium, respec-
tively, it is found that this critical energy turns out to be
Tc ∼= 60 MeV ∼ 6ΛBZ when only the known-relevant rela-
tivistic degrees of freedom are active, i.e. g∗ = 43/4. How-
ever, we note that this interpretation may only be valid if
we do not admit extra dimensions in the framework, as we
discussed previously. This is because at distances smaller
than the BZ length 10−12 cm, or at energies above BZ
energy 10 MeV, the expression for n(t), given Eq. (7) is
not well-defined. Note also that although above 10 MeV
additional gravitational degrees of freedom may arise due
to the large internal group, SO(10, 1), of the theory with
6 extra dimensions, the corresponding interactions are ex-
pected to be suppressed, as in the case with gravitons,
and not to have noticeable effects on the energy density.
Recall that the factor 10120, which may amplify the cou-
plings, appears only when the theory is integrated over the
extra dimensions.
7. Summary and Discussions
In this paper, we aim to bring into attention the pos-
sibility of a gravitational scale at around ∼ 10 MeV, or
10−12 cm, induced in the MacDowell-Mansouri (MM) ex-
tension to the Einstein-Cartan formalism in 4D, due to the
topological Gauss-Bonnet term in the action, as suggested
by Bjorken [1].
First ; we point out that a scale of the same size, ∼
10−12 cm, naturally comes about in the context of large ex-
tra dimensions, originated from TeV-scale quantum grav-
ity, as the compactification scale, if the number of extra
spatial dimensions is set to six.5 Apparently, these two ap-
proaches can be combined, where the 4-dimensional MM
formalism is the effective theory after the six extra dimen-
sions are integrated over, which also explains the factor
10120 in the MM action. Second ; we discuss that existence
of such a scale may play a role in the smallness of the
cosmological constant and the neutrino mass; to this end,
5Recall that existence of six compact extra dimensions is quite
familiar from the string theory perspective [108–110].
we refer to some toy models as illustrations that gener-
ate a seesaw-type suppression mechanism. Note that we
do not claim in this paper that this mechanism can di-
rectly be accommodated in the MM formalism. Rather,
the main intention of this paper should be taken as an at-
tempt to point out several coincidences regarding a scale
at around 10 MeV, or 10−12 cm; the possibility that they
are non-accidental deserves attention. Finally, we com-
ment on possible implications in cosmology in the context
of Big Bang Nucleosynthesis.
We note that if Nature contains six extra dimensions
with a compactification scale of 10−12 cm, it raises the
question why no Kaluza-Klein excitations with masses with
a starting value of ∼ 10 MeV have been observed so far.
However, their elusiveness would not be unanticipated since
these modes are expected to be relatively suppressed [111].
Currently at the LHC, the ADD model with six extra
dimensions is excluded with 95% CL for values MU 6 2.6
TeV by the CMS experiment [64–66], equivalent to an up-
per bound on the corresponding compactification length
scale, R < 0.8× 10−12 cm, which is in the ballpark of the
Bjorken-Zeldovich scale within an order of magnitude. By
the time the LHC searches are completed, we will have a
compelling answer on the TeV-scale ADD model and hence
on the MM-LED picture discussed in this paper. Note that
a negative result along these lines does not necessarily in-
validate Bjorken’s original proposal in Ref. [1], which is
not obliged to connect to the TeV-scale ADD model, and
yet which can still include six compact extra dimensions.
The most definitive answer regarding Bjorken’s proposal
will come from the gravitational inverse-square-law exper-
iments. The current upper bound for the size of such extra
dimensions, through the deviation in the effective gravita-
tional interaction, is 0.01 cm [27].
Acknowledgements
This work is supported in parts by the National Nat-
ural Science Foundation of China (NSFC) under Grant
No. 11505067 and the Swedish Research Council under
contract 621-2011-5107. We would like to thank James D.
Bjorken and Djordje Minic for their comments and sug-
gestions regarding the manuscript.
References
[1] J. Bjorken, Annalen der Physik 525, A67 (2013),
http://dx.doi.org/10.1002/andp.201300724 .
[2] S. W. MacDowell and F. Mansouri, Phys. Rev. Lett. 38, 739
(1977), [Erratum: Phys. Rev. Lett.38,1376(1977)].
[3] Y. B. Zeldovich, JETP Lett. 6, 316 (1967), [Pisma Zh. Eksp.
Teor. Fiz.6,883(1967)].
[4] Ya. B. Zel’dovich, A. Krasinski, and Ya. B. Zeldovich, Sov.
Phys. Usp. 11, 381 (1968), [Usp. Fiz. Nauk95,209(1968)].
[5] L. Freidel and A. Starodubtsev, (2005),
arXiv:hep-th/0501191 [hep-th] .
[6] D. K. Wise, Class. Quant. Grav. 27, 155010 (2010),
arXiv:gr-qc/0611154 [gr-qc] .
6
[7] D. K. Wise, SIGMA 5, 080 (2009), arXiv:0904.1738
[math.DG] .
[8] A. Randono, Gen. Rel. Grav. 42, 1909 (2010),
arXiv:0805.2955 [gr-qc] .
[9] H. Kodama, Prog. Theor. Phys. 80, 1024 (1988).
[10] L. Smolin, (2002), arXiv:hep-th/0209079 [hep-th] .
[11] E. Witten, (2003), arXiv:gr-qc/0306083 [gr-qc] .
[12] A. Randono, (2006), arXiv:gr-qc/0611073 [gr-qc] .
[13] A. Randono, (2006), arXiv:gr-qc/0611074 [gr-qc] .
[14] C. Rovelli, Class. Quant. Grav. 28, 153002 (2011),
arXiv:1012.4707 [gr-qc] .
[15] A. Ashtekar and J. Pullin, (2017), arXiv:1703.07396 [gr-qc] .
[16] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).
[17] S. M. Carroll, Living Rev. Rel. 4, 1 (2001),
arXiv:astro-ph/0004075 [astro-ph] .
[18] J. Polchinski, in The Quantum Structure of Space and Time:
Proceedings of the 23rd Solvay Conference on Physics.
Brussels, Belgium. 1 - 3 December 2005 (2006) pp. 216–236,
arXiv:hep-th/0603249 [hep-th] .
[19] A. Padilla, (2015), arXiv:1502.05296 [hep-th] .
[20] N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, Phys.
Lett. B429, 263 (1998), arXiv:hep-ph/9803315 [hep-ph] .
[21] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and G. R.
Dvali, Phys. Lett. B436, 257 (1998), arXiv:hep-ph/9804398
[hep-ph] .
[22] N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, Phys.
Rev. D59, 086004 (1999), arXiv:hep-ph/9807344 [hep-ph] .
[23] N. Arkani-Hamed, S. Dimopoulos, N. Kaloper, and
R. Sundrum, Phys. Lett. B480, 193 (2000),
arXiv:hep-th/0001197 [hep-th] .
[24] I. Antoniadis, S. Dimopoulos, and G. R. Dvali, Nucl. Phys.
B516, 70 (1998), arXiv:hep-ph/9710204 [hep-ph] .
[25] E. Accomando, I. Antoniadis, and K. Benakli, Nucl. Phys.
B579, 3 (2000), arXiv:hep-ph/9912287 [hep-ph] .
[26] I. Antoniadis, K. Benakli, and M. Quiros, Phys. Lett. B460,
176 (1999), arXiv:hep-ph/9905311 [hep-ph] .
[27] D. J. Kapner, T. S. Cook, E. G. Adelberger, J. H. Gundlach,
B. R. Heckel, C. D. Hoyle, and H. E. Swanson, Phys. Rev.
Lett. 98, 021101 (2007), arXiv:hep-ph/0611184 [hep-ph] .
[28] P. A. R. Ade et al. (Planck), Astron. Astrophys. 594, A13
(2016), arXiv:1502.01589 [astro-ph.CO] .
[29] C. Patrignani et al. (Particle Data Group), Chin. Phys. C40,
100001 (2016).
[30] S. M. Carroll, Spacetime and geometry: An introduction to
general relativity (2004).
[31] S. Weinberg, Cosmology (2008).
[32] P. Langacker, The standard model and beyond (2010).
[33] A. J. Krasznahorkay et al., Phys. Rev. Lett. 116, 042501
(2016), arXiv:1504.01527 [nucl-ex] .
[34] F. W. N. de Boer et al., Phys. Lett. B388, 235 (1996).
[35] F. W. N. de Boer, R. van Dantzig, J. van Klinken, K. Bethge,
H. Bokemeyer, A. Buda, K. A. Muller, and K. E. Stiebing, J.
Phys. G23, L85 (1997).
[36] F. W. N. de Boer, K. Bethge, H. Bokemeyer, R. van Dantzig,
J. van Klinken, V. Mironov, K. A. Muller, and K. E.
Stiebing, J. Phys. G27, L29 (2001), arXiv:hep-ph/0101298
[hep-ph] .
[37] F. de Boer, International Symposium on Exotic Nuclear
Systems (ENS’05) Debrecen, Hungary, June 20-25, 2005,
AIP Conf. Proc. 802, 146 (2006), [,146(2005)],
arXiv:hep-ph/0511049 [hep-ph] .
[38] A. Krasznahorkay et al., International Symposium on Exotic
Nuclear Systems (ENS’05) Debrecen, Hungary, June 20-25,
2005, AIP Conf. Proc. 802, 236 (2005), [,236(2005)],
arXiv:hep-ex/0510054 [hep-ex] .
[39] A. Krasznahorkay et al., Nuclear physics and the
fundamental processes. Proceedings, 29th Mazurian Lakes
Conference on physics, Piaski, Poland, August 30-September
6, 2005, Acta Phys. Polon. B37, 239 (2006).
[40] F. W. N. deBoer and C. A. Fields, Int. J. Mod. Phys. E20,
1787 (2011), arXiv:1001.3897 [nucl-ex] .
[41] B. Wojtsekhowski, D. Nikolenko, and I. Rachek, (2012),
arXiv:1207.5089 [hep-ex] .
[42] J. Gulys, T. J. Ketel, A. J. Krasznahorkay, M. Csatls,
L. Csige, Z. Gcsi, M. Hunyadi, A. Krasznahorkay, A. Vitz,
and T. G. Tornyi, Nucl. Instrum. Meth. A808, 21 (2016),
arXiv:1504.00489 [nucl-ex] .
[43] J. L. Feng, B. Fornal, I. Galon, S. Gardner, J. Smolinsky,
T. M. P. Tait, and P. Tanedo, Phys. Rev. Lett. 117, 071803
(2016), arXiv:1604.07411 [hep-ph] .
[44] J. L. Feng, B. Fornal, I. Galon, S. Gardner, J. Smolinsky,
T. M. P. Tait, and P. Tanedo, (2016), arXiv:1608.03591
[hep-ph] .
[45] S. N. Gninenko, N. V. Krasnikov, M. M. Kirsanov, and
D. V. Kirpichnikov, Phys. Rev. D94, 095025 (2016),
arXiv:1604.08432 [hep-ph] .
[46] P.-H. Gu and X.-G. He, Nucl. Phys. B919, 209 (2017),
arXiv:1606.05171 [hep-ph] .
[47] L.-B. Jia and X.-Q. Li, Eur. Phys. J. C76, 706 (2016),
arXiv:1608.05443 [hep-ph] .
[48] T. Kitahara and Y. Yamamoto, Phys. Rev. D95, 015008
(2017), arXiv:1609.01605 [hep-ph] .
[49] U. Ellwanger and S. Moretti, JHEP 11, 039 (2016),
arXiv:1609.01669 [hep-ph] .
[50] C.-S. Chen, G.-L. Lin, Y.-H. Lin, and F. Xu, (2016),
arXiv:1609.07198 [hep-ph] .
[51] M. J. Neves and J. A. Helael-Neto, (2016), arXiv:1609.08471
[hep-ph] .
[52] Y. Kahn, G. Krnjaic, S. Mishra-Sharma, and T. M. P. Tait,
(2016), arXiv:1609.09072 [hep-ph] .
[53] P. Fayet, Eur. Phys. J. C77, 53 (2017), arXiv:1611.05357
[hep-ph] .
[54] M. J. Neves and J. A. Helayl-Neto, (2016), arXiv:1611.07974
[hep-ph] .
[55] J. Kozaczuk, D. E. Morrissey, and S. R. Stroberg, (2016),
arXiv:1612.01525 [hep-ph] .
[56] C.-W. Chiang and P.-Y. Tseng, Phys. Lett. B767, 289
(2017), arXiv:1612.06985 [hep-ph] .
[57] N. V. Krasnikov (2017) arXiv:1702.04596 [hep-ph] .
[58] T. Araki, S. Hoshino, T. Ota, J. Sato, and T. Shimomura,
Phys. Rev. D95, 055006 (2017), arXiv:1702.01497 [hep-ph] .
[59] R. Benavides, L. A. Muoz, W. A. Ponce, O. Rodrguez, and
E. Rojas, (2016), arXiv:1612.07660 [hep-ph] .
[60] M. J. Neves, (2017), arXiv:1704.02491 [hep-ph] .
[61] L. Delle Rose, S. Khalil, and S. Moretti, (2017),
arXiv:1704.03436 [hep-ph] .
[62] C. Csaki, in From fields to strings: Circumnavigating
theoretical physics. Ian Kogan memorial collection (3 volume
set) (2004) pp. 605–698, [,967(2004)], arXiv:hep-ph/0404096
[hep-ph] .
[63] T. G. Rizzo, Proceedings, 8th Mexican School on Gravitation
and Mathematical Physics: Playa del Carmen, Quintana
Roo, Mexico, December 6-12, 2009, AIP Conf. Proc. 1256,
27 (2010), arXiv:1003.1698 [hep-ph] .
[64] A. Roy (CMS), Proceedings, XXII DAE High Energy Physics
Symposium: Delhi, India, December 12 -16, 2016, Springer
Proc. Phys. 203, 205 (2018).
[65] S. Ghosh, Proceedings, XXII DAE High Energy Physics
Symposium: Delhi, India, December 12 -16, 2016, Springer
Proc. Phys. 203, 745 (2018).
[66] C. Collaboration (CMS), (2016).
[67] T. Banks, in ITP Workshop on SUSY Phenomena and
SUSY GUTS Santa Barbara, California, December 7-9, 1995
(1995) arXiv:hep-th/9601151 [hep-th] .
[68] A. G. Cohen, D. B. Kaplan, and A. E. Nelson, Phys. Rev.
Lett. 82, 4971 (1999), arXiv:hep-th/9803132 [hep-th] .
[69] J. E. Kim, JHEP 06, 016 (2000), arXiv:hep-ph/9907528
[hep-ph] .
[70] E. Kiritsis, JHEP 10, 010 (1999), arXiv:hep-th/9906206
[hep-th] .
[71] N. Arkani-Hamed, L. J. Hall, C. F. Kolda, and
H. Murayama, Phys. Rev. Lett. 85, 4434 (2000),
7
arXiv:astro-ph/0005111 [astro-ph] .
[72] T. Banks, Superstrings. Proceedings, International
Conference, Strings 2000, Ann Arbor, USA, July 10-15,
2000, Int. J. Mod. Phys. A16, 910 (2001), [,270(2000)],
arXiv:hep-th/0007146 [hep-th] .
[73] L. N. Chang, D. Minic, N. Okamura, and T. Takeuchi, Phys.
Rev. D65, 125028 (2002), arXiv:hep-th/0201017 [hep-th] .
[74] L. N. Chang, D. Minic, N. Okamura, and T. Takeuchi, Phys.
Rev. D65, 125027 (2002), arXiv:hep-th/0111181 [hep-th] .
[75] S. M. Barr and D. Seckel, Phys. Rev. D64, 123513 (2001),
arXiv:hep-ph/0106239 [hep-ph] .
[76] P. Berglund, T. Hubsch, and D. Minic, Phys. Rev. D67,
041901 (2003), arXiv:hep-th/0201187 [hep-th] .
[77] S. D. H. Hsu and A. Zee, Mod. Phys. Lett. A20, 2699 (2005),
arXiv:hep-th/0406142 [hep-th] .
[78] F. R. Urban and A. R. Zhitnitsky, Phys. Rev. D80, 063001
(2009), arXiv:0906.2165 [hep-th] .
[79] F. R. Urban and A. R. Zhitnitsky, Phys. Lett. B688, 9
(2010), arXiv:0906.2162 [gr-qc] .
[80] F. R. Urban and A. R. Zhitnitsky, Nucl. Phys. B835, 135
(2010), arXiv:0909.2684 [astro-ph.CO] .
[81] L. N. Chang, D. Minic, and T. Takeuchi, Mod. Phys. Lett.
A25, 2947 (2010), arXiv:1004.4220 [hep-th] .
[82] L. N. Chang, Z. Lewis, D. Minic, and T. Takeuchi, Adv.
High Energy Phys. 2011, 493514 (2011), arXiv:1106.0068
[hep-th] .
[83] W. D. Garretson and E. D. Carlson, Phys. Lett. B315, 232
(1993), arXiv:hep-ph/9307346 [hep-ph] .
[84] S. R. Coleman, Phys. Rev. D15, 2929 (1977), [Erratum:
Phys. Rev.D16,1248(1977)].
[85] C. G. Callan, Jr. and S. R. Coleman, Phys. Rev. D16, 1762
(1977).
[86] S. R. Coleman and F. De Luccia, Phys. Rev. D21, 3305
(1980).
[87] K. R. Dienes, E. Dudas, and T. Gherghetta, Nucl. Phys.
B557, 25 (1999), arXiv:hep-ph/9811428 [hep-ph] .
[88] N. Arkani-Hamed, S. Dimopoulos, G. R. Dvali, and
J. March-Russell, SUSY 98 Conference Oxford, England,
July 11-17, 1998, Phys. Rev. D65, 024032 (2001),
arXiv:hep-ph/9811448 [hep-ph] .
[89] S. J. Brodsky and R. Shrock, (2008), arXiv:0803.2541
[hep-th] .
[90] S. J. Brodsky and R. Shrock, Phys. Lett. B666, 95 (2008),
arXiv:0806.1535 [hep-th] .
[91] S. J. Brodsky, C. D. Roberts, R. Shrock, and P. C. Tandy,
Phys. Rev. C82, 022201 (2010), arXiv:1005.4610 [nucl-th] .
[92] S. J. Brodsky, C. D. Roberts, R. Shrock, and P. C. Tandy,
Phys. Rev. C85, 065202 (2012), arXiv:1202.2376 [nucl-th] .
[93] S. J. Brodsky and R. Shrock, Science 108, 45 (2011),
arXiv:0803.2554 [hep-th] .
[94] S. J. Brodsky and R. Shrock, Proc. Nat. Acad. Sci. 108, 45
(2011), arXiv:0905.1151 [hep-th] .
[95] A. G. Lisi, (2007), arXiv:0711.0770 [hep-th] .
[96] F. Nesti and R. Percacci, Phys. Rev. D81, 025010 (2010),
arXiv:0909.4537 [hep-th] .
[97] A. G. Lisi, L. Smolin, and S. Speziale, J. Phys. A43, 445401
(2010), arXiv:1004.4866 [gr-qc] .
[98] Y. Ne’eman, Phys. Lett. B81, 190 (1979).
[99] D. B. Fairlie, Phys. Lett. B82, 97 (1979).
[100] D. B. Fairlie, J. Phys. G5, L55 (1979).
[101] Y. Ne’eman and S. Sternberg, Proc. Nat. Acad. Sci. 87, 7875
(1990).
[102] Y. Ne’eman, S. Sternberg, and D. Fairlie, Phys. Rept. 406,
303 (2005).
[103] A. H. Chamseddine and A. Connes, Fortsch. Phys. 58, 553
(2010), arXiv:1004.0464 [hep-th] .
[104] A. H. Chamseddine and A. Connes, JHEP 09, 104 (2012),
arXiv:1208.1030 [hep-ph] .
[105] A. H. Chamseddine, A. Connes, and W. D. van Suijlekom,
JHEP 11, 132 (2013), arXiv:1304.8050 [hep-th] .
[106] U. Aydemir, D. Minic, and T. Takeuchi, Phys. Lett. B724,
301 (2013), arXiv:1304.6092 [hep-ph] .
[107] U. Aydemir, D. Minic, C. Sun, and T. Takeuchi, Phys. Rev.
D91, 045020 (2015), arXiv:1409.7574 [hep-ph] .
[108] J. H. Schwarz, Nucl. Phys. B46, 61 (1972).
[109] J. Scherk and J. H. Schwarz, Phys. Lett. B57, 463 (1975).
[110] P. Candelas, G. T. Horowitz, A. Strominger, and E. Witten,
Nucl. Phys. B258, 46 (1985).
[111] T. Han, J. D. Lykken, and R.-J. Zhang, Phys. Rev. D59,
105006 (1999), arXiv:hep-ph/9811350 [hep-ph] .
8
